Introduction
============

Human breast cancer is a highly malignant tumor, making it urgent and important to develop new biomarkers and therapeutic targets to treat this type of cancer. Recent studies have shown that semaphorin 4D (Sema4D) is overexpressed in several carcinomas, including head and neck squamous cell carcinoma, colorectal cancer (CRC), lung cancer, ovarian cancer, oral squamous cell carcinoma, pancreatic cancer, and prostate cancer. It functions in the regulation of immune function, epithelial morphogenesis, invasion, growth, and the vascularity of tumor xenografts in vivo.[@b1-ott-9-5737]--[@b11-ott-9-5737] It was reported that tumors that overexpress Sema4D are highly aggressive with poor prognosis and not easy to control during treatment.[@b1-ott-9-5737],[@b7-ott-9-5737],[@b12-ott-9-5737],[@b13-ott-9-5737] Emerging evidence indicates that Sema4D might promote tumor growth and angiogenesis.[@b8-ott-9-5737],[@b9-ott-9-5737],[@b14-ott-9-5737],[@b15-ott-9-5737] On the other hand, small GTPase Ras homolog (Rho) proteins, including RhoA, are highly expressed in human cancers.[@b16-ott-9-5737],[@b17-ott-9-5737] Rho kinases (also termed ROCKs) are involved in cancer invasion and metastasis through their involvement in the Rho/ROCK pathway.[@b18-ott-9-5737],[@b19-ott-9-5737] The results reported by several research groups support the hypothesis that the inhibition of RhoA phosphorylation might be effective in preventing invasion and metastasis.[@b20-ott-9-5737],[@b21-ott-9-5737] This study investigated the role of Sema4D on the proliferation, cell cycle progression, apoptosis, invasion, and migration of breast cancer cells in vitro, and investigated the role of Sema4D in tumor growth and angiogenesis in vivo to determine the role of Sema4D on tumor development and angiogenesis in human breast cancer; the study further explored the effect of Sema4D on the phosphorylation of RhoA in breast cancer.

Materials and methods
=====================

Cell culture
------------

All breast cell lines and packaging 293T cells were gifts from the Kunming Institute of Zoology, Chinese Academy of Sciences (Kunming, People's Republic of China). All cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM)/F12 supplemented with 10% fetal bovine serum (FBS; Thermo Fisher Scientific, Waltham, MA, USA). Cells were grown under a humidified atmosphere containing 5% CO~2~ at 37°C. Cell transfection was carried out using Lipofectamine2000™ (Thermo Fisher Scientific).

Lentiviral vector system
------------------------

The lentiviral vector system used was a gift from Dr John R Basile (University of Maryland Dental School, Baltimore, MD, USA). The following lentiviral vectors were included: Sema4D, Sema4D short hairpin RNA (shRNA), and control lentivirus. The oligonucleotide used for Sema4D shRNA was same as the previous report.[@b6-ott-9-5737] Reference gene accession number for Sema4D was NM_006378.3. Sema4D expression constructs applied in the study encoded for full-length Sema4D. The lentiviral viruses were prepared and used as previously reported.[@b22-ott-9-5737]--[@b26-ott-9-5737]

Western blotting analysis
-------------------------

The expression level of Sema4D was detected in the following breast cancer cell lines by Western blotting: HCC1937, MDA-MB-231, MDA-MB-468, Hs578T, BT474, MCF-7, and T47D. Briefly, samples were harvested using RIPA lysis buffer (Solarbio, Beijing, People's Republic of China) containing protease inhibitor cocktail (Hoffman-La Roche Ltd., Basel, Switzerland); then, protein concentrations were measured by the BCA Protein Assay Kit (TIANGEN Biotech, Beijing, People's Republic of China). Then, the samples were loaded for sodium dodecyl sulfate-polyacrylamide gel electrophoresis electrophoreses and then transferred onto a polyvinylidene difluoride membrane (EMD Millipore, Billerica, MA, USA). β-Actin was used as a loading control. The membrane was then blocked with 5% fat-free milk and incubated with the following primary antibodies separately: mouse anti-Sema4D antibody (BD Biosciences, San Jose, CA, USA), mouse anti-RhoA monoclonal antibody (Santa Cruz Biotechnology Inc., Dallas, TX, USA), mouse anti-phosphorylated-RhoA (Santa Cruz Biotechnology Inc.), and mouse anti-β-actin antibody (Santa Cruz Biotechnology Inc.). The membranes were then incubated with the secondary antibody (goat anti-mouse IgG; KPL, Gaithersburg, MD, USA). Protein bands were visualized using Super Signal reagents (Thermo Fisher Scientific) and then imaged using Image Quant LAS 4000 (GE Healthcare Bio-Sciences Corp., Piscataway, NJ, USA).

Cell proliferation assay
------------------------

The number of viable cells was estimated using the MTT assay. Twenty-four hours after infection, MDA-MB-231 and MDA-MB-468 cells were plated in 96-well plates in a medium containing 10% FBS at a density of 2,000 cells/well. To quantitate cell viability, the cultures were stained after 1, 2, 3, 4, and 5 days; 100 μL MTT (Sigma-Aldrich Co., St Louis, MO, USA) working solution was added into the wells for 4 hours at 37°C, after which the culture medium was removed and 150 μL dimethyl sulfoxide was added. The absorbance was measured at 450 nm using an Epoch Multi-Volume Spectrophotometer System (BioTek, Winooski, VT, USA).

Wound healing assay
-------------------

Wound healing assays were generally performed as per the previous report.[@b1-ott-9-5737] Briefly, the cells were cultured to 90% confluence and starved in a serum-free medium overnight. The cell monolayer was then scratched using a 1 mL pipette tip across the diameter of the wells. After aspiration of non-adherent cells, the plates were rinsed twice with phosphate-buffered saline (PBS). Fresh medium containing 2% FBS was added to the cells every 24 hours. The wound edges were observed under microscope within 48 hours; the images were then analyzed by NIH Image software. A minimum of five randomly chosen areas was measured.

Cell migration assay
--------------------

Boyden chamber (EMD Millipore) was used to determine the ability of cell migration; 1×10^5^ lentivirus-infected cells were suspended in DMEM/F12 (1:1) containing 0.1% bovine serum albumin (BSA) and then placed onto the top of each chamber. Medium containing 10% FBS was added to the bottom of the chamber. The cells were incubated for 24 hours, and then the cells on the upside of membrane were wiped off for removing the non-migrated cells. Cells that migrated to the underside of the membrane were stained with crystal violet and visualized under a microscope; four random fields (magnification ×100) were scanned and analyzed using NIH Image software. The results are expressed as a pixel intensity bar graph, and the averages and standard deviations were calculated.

Cell invasion assay
-------------------

A fixed number of cells (1×10^5^ cells), suspended in DMEM/F12 (1:1) containing 0.1% BSA, was added to the top of the Boyden chamber of the Boyden chamber (EMD Millipore), which was coated with 50 μL Matrigel (1 mg/mL final concentration); the lower chamber contained 10% serum-containing medium. After incubation for 24 hours, the cells on the upside of membrane were wiped off to remove the non-invaded cells. The invaded cells were detected by staining with crystal violet and visualized under a microscope (magnification ×100); four random fields were scanned and analyzed using NIH Image software. The results are expressed as a pixel intensity bar graph, and the averages and standard deviations were calculated.

Cell apoptosis assay
--------------------

Cell apoptosis was performed using an Annexin V-Fluorescein Isothiocyanate Apoptosis Detection Kit (BioVision, Milpitas, CA, USA) and analyzed using a Becton-Dickinson Accuri C6 flow cytometer and CellQuest (version 3.3) software (BD Biosciences). After 48 hours of lentivirus infection, the cells were washed with PBS, fixed in 2% paraformaldehyde for 30 minutes, and permeabilized using 0.1% Triton-X 100 in PBS for 30 minutes. The cells were centrifuged for 5 minutes at 1000× *g*, and then the cells were resuspended at a density of 1×10^6^ cells/mL in 1× binding buffer and stained with annexin V-fluorescein isothiocyanate and propidium iodide for 5 minutes, followed by flow cytometry detection. The rate of apoptosis was analyzed using CellQuest software (version 3.3) (BD Biosciences).

Cell cycle analysis
-------------------

Lentivirus-infected cells were cultured in 6 cm dishes to 70%--80% confluence. After 48 hours of incubation, both floating and adherent cells were collected after trypsinization and washed with ice-cold PBS; the cells were then fixed overnight using 70% ethanol in PBS at −20°C. Fixed cells were then treated with 20 μg/mL RNaseA and 50 μg/mL propidium iodide (Sigma-Aldrich Co.) for 30 minutes at room temperature in the dark; the stained cells were then immediately analyzed using an Accuri C6 flow cytometer (BD Biosciences). The data were analyzed using the accompanying software (CellQuest), and the averages and standard deviations were calculated. Ten thousand events per sample were counted, and the experiments were repeated three times.

Tumor cell injections and animal studies in BALB/C nude mice
------------------------------------------------------------

Twenty nude mice were randomly divided into four groups: 1) lentivirus coding for Sema4D shRNA, 2) lentivirus coding for Sema4D, 3) lentivirus coding for GFP, and 4) 0.9% normal saline. MDA-MB-231 cells (2×10^6^) that had been infected with different lentiviruses were inoculated into the back of BALB/C nude mice. MDA-MB-231 cells were resuspended in 100 μL of serum-free DMEM with the same volume of liquid Matrigel (BD Biosciences) and injected subcutaneously into immunocompromised nude mice. The mice were euthanized on day 24 following the injections, and the tumors were removed. Tumor sizes were measured during the experiment. The long-diameter (a) and short-diameter (b) of the tumors were measured, and then the volume (V) was calculated using the formula V =1/2a × b^2^. After the tumor had been photographed, the animals were euthanized, and the tumors were removed, weighed, and processed for immunohistochemistry and immunofluorescence. Procedures involving animals and their care were conducted in conformity with NIH guidelines (NIH Pub. No. 85-23, revised 2010) and was approved by Animal Ethical and Welfare Committee of the Affiliated Children's Hospital of Kunming Medical University.

Immunohistochemistry
--------------------

The immunohistochemistry analysis was performed as previously described.[@b9-ott-9-5737] Briefly, tumor tissues were fixed, and then the slides were rinsed with PBS and blocked in 1% BSA at 4°C overnight. The primary antibody used was mouse anti-Sema4D (BD Biosciences). The slides were then washed in PBS followed by incubation with secondary antibody (goat anti-mouse IgG antibody; KPL) for 30 minutes at 37°C. The slides were developed using an HRP-DAB (TIANGEN Biotech) and then stained with hematoxylin, dehydrated, and mounted. Images were observed using a Nikon Eclipse TE2000-U microscope.

Immunofluorescence
------------------

The immunofluorescence analysis of tumor tissues was performed as previously described.[@b9-ott-9-5737] The slides were rehydrated and blocked in 1% BSA and then incubated with primary antibodies (rat anti-mouse CD31; BD Biosciences Pharmingen, San Diego, CA, USA). The slides were then washed thrice with PBS followed by incubation with secondary antibody (goat anti-rat IgG; Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA). The slides were mounted and observed under a Nikon Eclipse TE2000-U microscope. The vascular content of the sections was determined by the average vessel density in five stained slides from each group. Vessel density was analyzed using ImageJ software.

Statistical analysis
--------------------

Independent Student's *t*-tests were used for statistical analysis between different groups. Experimental values were described as mean ± standard deviation. *P*-values \<0.05 indicated significant difference between two groups.

Results
=======

Sema4D is highly expressed in breast cancer cell lines
------------------------------------------------------

The expression level of Sema4D was investigated in the breast cancer cell lines HCC1937, MDA-MB-231, MDA-MB-468, Hs578T, BT474, MCF-7, and T47D using Western blotting analysis. The results showed that all cell lines expressed Sema4D at higher levels than those found in the normal human breast epithelial cell lines MCF10A and 184A1, with the exception of Hs578T ([Figure 1A](#f1-ott-9-5737){ref-type="fig"}). In addition, our results showed that Sema4D expression was significantly higher in the MDA-MB-231 and MDA-MB-468 cell lines compared with the others ([Figure 1A](#f1-ott-9-5737){ref-type="fig"}).

Proliferation of MDA-MB-231 and MDA-MB-468 cells was significantly inhibited by Sema4D interference
---------------------------------------------------------------------------------------------------

Western blotting analysis was used to determine the expression level of Sema4D in MDA-MB-231 and MDA-MB-468 cells; according to the results, Sema4D was significantly overexpressed or downregulated in MDA-MB-231 and MDA-MB-468 cells after infection with lentivirus-expressing Sema4D or Sema4D shRNA when compared with the uninfected cell group (both *P*\<0.05) ([Figure 1B](#f1-ott-9-5737){ref-type="fig"}).

Proliferation of MDA-MB-231 and MDA-MB-468 cells was determined using the MTT assay. The OD values of Sema4D shRNA-infected MDA-MB-231 cells at 24, 48, 48, 96, and 120 hours were significantly lower than those in the uninfected group (*P*\<0.05), indicating that cell growth was significantly inhibited. Cell proliferation was not significantly different in the GFP group and the Sema4D group, compared with the uninfected group (*P*\>0.05). Similarly, the OD values of Sema4D shRNA-infected MDA-MB-468 cells at 24, 48, 72, 96, and 120 hours were significantly lower than those recorded for the uninfected group (*P*\<0.05), indicating that cell growth was significantly inhibited. Cell proliferations of the GFP group and Sema4D group were not significantly changed, compared with the uninfected group (*P*\>0.05). The results demonstrate that interference of Sema4D significantly affects the proliferation of MDA-MB-231 and MDA-MB-468 cells ([Figure 1C](#f1-ott-9-5737){ref-type="fig"}).

The lateral migration ability of the cells was significantly decreased in response to the downregulation of Sema4D expression
-----------------------------------------------------------------------------------------------------------------------------

According to the wound healing assay, the wound healing distances of the uninfected MDA-MB-468 cell group at 24 and 48 hours were 196.3±11.5 and 346.3±16.9 μm, respectively, whereas those of the Sema4D shRNA group were 107.6±8.7 and 232.3±10.3, respectively ([Figure 2A](#f2-ott-9-5737){ref-type="fig"}). The lateral migration ability of the cells was significantly decreased (*P*\<0.05) in response to the downregulation of Sema4D expression. Similarly, the wound healing distances of the uninfected MDA-MB-231 cell group at 24 and 48 hours were 223±6.3 and 450.3±2.7 μm, respectively. The corresponding values for the Sema4D shRNA group were 153.6±5.5 and 352.3±10.3 μm, respectively ([Figure 2B](#f2-ott-9-5737){ref-type="fig"}). Based on these results, the interference of Sema4D significantly decreased the lateral migration ability of MDA-MB-231 and MDA-MB-468 cells (*P*\<0.05).

The migration ability of the MDA-MB-468 and MDA-MB-231 cells was obviously reduced by the downregulation of Sema4D expression
-----------------------------------------------------------------------------------------------------------------------------

To evaluate the contributions of Sema4D to migration in the MDA-MB-231 and MDA-MB-468 cells, the cells were infected with lentiviruses-expressing Sema4D, Sema4D shRNA, and GFP and analyzed using transwell experiments. The results showed that the migration abilities of the MDA-MB-231 and MDA-MB-468 cells were obviously reduced (*P*\<0.05) by the downregulation of Sema4D expression ([Figure 3A and B](#f3-ott-9-5737){ref-type="fig"}). By contrast, the group infected with Sema4D-expressing lentivirus showed no significant difference between the control groups, perhaps due to the high Sema4D background in the MDA-MB-231 and MDA-MB-468 cells.

The invasive ability of the MDA-MB-468 and MDA-MB-231 cells was obviously reduced by the downregulation of Sema4D expression
----------------------------------------------------------------------------------------------------------------------------

To evaluate the contributions of Sema4D to invasion in the MDA-MB-468 and MDA-MB-231 cell lines, the cells were infected with lentiviruses-expressing Sema4D, Sema4D shRNA, and GFP and then analyzed using transwell experiments. The invasive abilities of the MDA-MB-468 and MDA-MB-231 cells were obviously inhibited (*P*\<0.05) after infection with lentivirus-encoding Sema4D shRNA ([Figure 4A and B](#f4-ott-9-5737){ref-type="fig"}). By contrast, the group that was infected with Sema4D-expressing lentivirus showed no obvious difference between the control groups, perhaps due to the high Sema4D background in the MDA-MB-468 and MDA-MB-231 cells.

Downregulation of Sema4D promoted the apoptosis of the MDA-MB-231 cells and MDA-MB-468 cells
--------------------------------------------------------------------------------------------

The percentage of apoptotic cells (15.4%) in the MDA-MB-468 cells infected with Sema4D shRNA was significantly higher than that in the uninfected group (5.4%) (*P*\<0.05); however, no significant difference was observed between the other groups (*P*\>0.05). Similarly, the percentage of apoptotic cells (18.7%) in the MDA-MB-231 cells infected with Sema4D shRNA was significantly higher than that in the uninfected group (4.1%) (*P*\<0.05); however, no significant difference was observed between the other groups (*P*\>0.05). These results indicate that the downregulation of Sema4D promoted apoptosis in the MDA-MB-231 and MDA-MB-468 cells ([Figure 5A and B](#f5-ott-9-5737){ref-type="fig"}). By contrast, the group that was infected with Sema4D-expressing lentivirus did not differ from the control group, perhaps due to the high Sema4D background in the MDA-MB-468 and MDA-MB-231 cells.

Sema4D downregulation affected the MDA-MB-231 and MDA-MB-468 cell cycle distribution
------------------------------------------------------------------------------------

The cell cycle distribution of the MDA-MB-231 and MDA-MB-468 cells at 48 hours after infection with lentivirus was monitored by flow cytometry. The results revealed that the cells that had been infected with Sema4D shRNA exhibited more abundant cells at G1 phase and less abundant cells at G2 phase compared with the GFP and uninfected cells; by contrast, there was no distinguishable difference between the GFP and uninfected cells. The proportion of cells at G0/G1 phase significantly increased (*P*\<0.05), indicating that Sema4D downregulation affected the MDA-MB-231 and MDA-MB-468 cell cycle distribution. By contrast, the group that had been infected with Sema4D-expressing lentivirus exhibited no significant difference compared with the control group ([Figure 5C and D](#f5-ott-9-5737){ref-type="fig"}); this result was perhaps due to the high Sema4D background in the MDA-MB-468 and MDA-MB-231 cells.

Sema4D inhibition can affect the phosphorylation of RhoA in breast cancer
-------------------------------------------------------------------------

The expressions of RhoA and phosphorylated RhoA (p-RhoA) were analyzed in MDA-MB-231 and MDA-MB-468 cells that had been infected with lentiviruses-expressing Sema4D, Sema4D shRNA, and GFP. Cell lysates were harvested and then analyzed using Western blotting. The total expression levels of RhoA were not affected in the MDA-MB-231 and MDA-MB-468 cells; by contrast, the p-RhoA expression levels measured for the Sema4D shRNA group were lower in both the cell lines than those found in the uninfected group (*P*\<0.05). By contrast, the group that had been infected with Sema4D-expressing lentivirus showed no obvious difference with respect to the control group ([Figure 6A and B](#f6-ott-9-5737){ref-type="fig"}), perhaps due to high Sema4D background in the MDA-MB-468 and MDA-MB-231 cells.

Sema4D interference contributes to the inhibition of tumor growth and vascularity in MDA-MB-231 cells
-----------------------------------------------------------------------------------------------------

To examine the effect of Sema4D in tumor growth and vascularity in MDA-MB-231 cells, the cells were infected with lentiviruses-expressing Sema4D, Sema4D shRNA, and GFP, and inoculated into the back of BALB/C nude mice. The tumors resulting from cells that had been infected by Sema4D shRNA lentiviruses weighed approximately ten times less than the corresponding controls. Tumors from uninfected MDA-MB-231 cells were the largest ([Figure 7A--D](#f7-ott-9-5737){ref-type="fig"}), and tumors that overexpressed Sema4D were heavier. Vascularity was the most inhibited in tumors resulting from cells that had been infected by Sema4D shRNA lentiviruses and consisted of scattered small vessels in the tumors; this finding indicates that the downregulation of Sema4D clearly reduced tumor growth and vascularity ([Figure 7E](#f7-ott-9-5737){ref-type="fig"}). Although the tumors resulting from cells that had been infected with lentiviruses coding for Sema4D were larger, these tumors showed much higher vessel density than the control group. Some similarities in vessel distribution were observed between the uninfected group and the control group. Tumors from the uninfected group were the heaviest and largest among all the groups, while the vascular density only exceeded in the Sema4D-overexpressing groups by \~20%. Tumor growth and angiogenesis were inhibited in BALB/c nude mice after the injection of MDA-MB-231 cells that had been infected with lentivirus coding for Sema4D-shRNA. Lentivirus itself probably influences the in vivo growth rate of MDA-MB-231 cells, thus causing the uninfected cells to exhibit different results than the other three lentivirus-infected groups.[@b27-ott-9-5737],[@b28-ott-9-5737]

Discussion
==========

Human breast cancer is a highly malignant tumor; thus, the development of new biomarkers and therapeutic targets has become critical. The main cause of poor prognosis in breast cancer patients is the high invasive and metastatic potential of this cancer. Sema4D is a ligand that is known to be expressed in head and neck squamous cell carcinoma, CRC, lung cancer, ovarian cancer, oral squamous cell carcinoma, pancreatic cancer, and prostate cancer. It is reportedly involved in the regulation of immune functions, epithelial morphogenesis, tumor growth, and metastasis.[@b6-ott-9-5737],[@b10-ott-9-5737]--[@b12-ott-9-5737],[@b26-ott-9-5737] Cell--cell signaling of semaphorin ligands through interaction with their plexin receptors is important for the homeostasis and morphogenesis of many tissues and has been widely studied in terms of its role in neural connectivity, cell migration, apoptosis, and immune responses.[@b29-ott-9-5737]--[@b31-ott-9-5737] The overexpression of Sema4D is significantly correlated with clinical factors, such as lymph node metastasis, distant metastasis, and poor prognosis in patients with CRC.[@b2-ott-9-5737] In the present study, we report that Sema4D mediates cell invasion, apoptosis, and tumor growth in breast cancer. We found that Sema4D was highly expressed among seven human breast cancer cells with different metastatic potentials (with the exception of the Hs578T cell line), and significantly higher Sema4D expression was confirmed in MDA-MB-231 and MDA-MB-468 cells. Using in vitro analysis, we found that the proliferation of MDA-MB-231 and MDA-MB-468 cells was significantly inhibited in the Sema4D shRNA interference group (*P*\<0.05), and the proportions of cells in the G0/G1 phase and undergoing apoptosis significantly increased (*P*\<0.05). In addition, the invasion and migration of breast cancer cells were obviously reduced (*P*\<0.05), suggesting that a blockade of Sema4D might diminish the invasive potential and development of breast cancer cells. Twenty-four hours after infection was chosen as the time point in cell invasion assay in order to avoid the influence of cell viability. As to wound healing assay, a medium containing 2% FBS was used other than 10% FBS, which is used in the MTT assay, in order to avoid the influencing of viability. The experiments to evaluate the effect of Sema4D on cell migration, invasion, and wound healing were also performed in the low Sema4D background cell line (Hs578T) by overexpression of Sema4D. Our results showed that overexpressed Sema4D might increase the invasive potential and migration of Hs578T, a breast cancer cell line with low Sema4D background ([Figures S1](#SD1-ott-9-5737){ref-type="supplementary-material"}[](#SD2-ott-9-5737){ref-type="supplementary-material"}--[S3](#SD3-ott-9-5737){ref-type="supplementary-material"}). Inhibition of tumor growth and angiogenesis was observed in nude mice after the injection of MDA-MB-231 cells that had been infected with lentivirus coding for Sema4D shRNA for 24 days; this result provides evidence that Sema4D down-regulation might play a significant role in tumor growth and angiogenesis in breast cancer. Our findings provide a new insight into possible prognostic biomarkers and therapeutic targets in breast cancer patients.

It has been reported that the binding of Sema4D to plexinB1 induces the activation of members of the small *GTPase Rho* gene family, resulting in the phosphorylation of MAPK and Akt.[@b29-ott-9-5737],[@b32-ott-9-5737]--[@b34-ott-9-5737] Upregulation or overexpression of the Rho protein correlates with poor prognosis in gastric cancer patients.[@b35-ott-9-5737],[@b36-ott-9-5737] Rho GTPases including RhoA are highly expressed in human cancers.[@b17-ott-9-5737],[@b18-ott-9-5737] ROCKs are downstream effector molecules of Rho that are involved in cancer invasion and metastasis through their role in the Rho/ROCK pathway.[@b21-ott-9-5737] The results of a recent study support the hypothesis that the inhibition of RhoA phosphorylation might provide an effective way for the reduction of invasion and metastasis.[@b37-ott-9-5737],[@b38-ott-9-5737] We also found that p-RhoA could be down-regulated when the Sema4D level was reduced by infecting with lentivirus-encoding Sema4D shRNA. However, the role of Sema4D in human breast cancer malignancy and the associated signaling pathway warrant further study.[@b39-ott-9-5737]

In conclusion, Sema4D could play a significant role in tumor development and angiogenesis in breast cancer. Sema4D might represent a valuable target for antiangiogenic therapies in breast cancer.

Supplementary materials
=======================

###### 

Wound healing assay in Hs578T cells.

**Notes:** Breast cancer Hs578T cells (infected by the indicated lentivirus) were examined in six-well plates. Three groups of cells were tested: Sema4D-coding lentivirus, control lentivirus-expressing GFP, and lentivirus coding for Sema4D shRNA. The results are shown (×40). Bar graphs show the healing distances, as analyzed using NIH Image software. Error bars represent the standard deviation of the results for three wells (\**P*\<0.05, relative to the GFP group).

**Abbreviations:** Sema4D, semaphorin 4D; shRNA, short hairpin RNA.

###### 

In vitro migration assay of Hs578T cells.

**Notes:** Breast cancer Hs578T cells, uninfected or infected by the indicated lentivirus, were examined in a transwell plate. Four groups of each cell line were tested, including cells that were uninfected or infected with the indicated lentivirus: control lentivirus-expressing GFP, Sema4D-coding lentivirus, or lentivirus coding for Sema4D shRNA. Cells migrated to the lower side of the membranes were stained with crystal violet (×100). Bar graphs below the stained migration membranes show the results of the migration assay, as analyzed using NIH Image software and expressed as the pixel intensity of stained migration membranes relative to negative control. Error bars represent the standard deviation of the results obtained from six wells (\**P*\<0.05, relative to the uninfected group).

**Abbreviations:** Sema4D, semaphorin 4D; shRNA, short hairpin RNA.

###### 

In vitro invasion assay of Hs578T cells.

**Notes:** Breast cancer Hs578T cells, uninfected or infected by the indicated lentivirus, were examined in a transwell plate assay. Four groups of each cell line were tested, including cells that were uninfected or infected with the indicated lentivirus: control lentivirus-expressing GFP, lentivirus coding for Sema4D, or lentivirus coding for Sema4D shRNA; cells on the lower side of membranes were stained with crystal violet (×100). Bar graphs below the stained membranes show the results of the invasion assay, as analyzed using NIH Image software and expressed as the pixel intensity of stained membranes relative to negative control. Error bars represent the standard deviation of the results obtained from six wells (\**P*\<0.05, relative to the uninfected group).

**Abbreviations:** Sema4D, semaphorin 4D; shRNA, short hairpin RNA.
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![The expression of Sema4D in seven breast cancer cell lines and in normal human breast epithelial cell lines.\
**Notes:** (**A**) Sema4D protein levels were detected by Western blotting; β-actin was used as a loading control (lower panels). The following cell lines were analyzed: HCC1937, MDA-MB-231, MDA-MB-468, Hs578T, BT474, MCF-7, T47D, and the normal human breast epithelial cell lines MCF10A and 184A1. Protein levels are quantified below each blot as the fold increase relative to MCF10A cells. Bars indicate the means of three individual experiments ± standard errors. (**B**) Western blotting analysis of Sema4D in the indicated cell lines; β-actin was used as the loading control. Protein levels are quantified below each blot as the fold increase relative to loading controls. Each cell line was separately infected by control lentivirus-expressing enhanced GFP, lentivirus coding for Sema4D shRNA, and lentivirus coding for Sema4D. The following cell lines were included in the analysis: MDA-MB-231 and MDA-MB-468 (\**P*\<0.05, relative to both the uninfected and GFP groups). (**C**) The proliferation of Sema4D in MDA-MB-231 and MDA-MB-468 cells was detected using the MTT assay.\
**Abbreviations:** Sema4D, semaphorin 4D; shRNA, short hairpin RNA.](ott-9-5737Fig1){#f1-ott-9-5737}

![Wound healing assay in MDA-MB-231 and MDA-MB-468 cells.\
**Notes:** Breast cancer cells (uninfected or infected by the indicated lentivirus) were examined in six-well plates. Two breast cancer cell lines were included: MDA-MB-231 and MDA-MB-468. Three groups of each cell line were tested: uninfected, infected with control lentivirus-expressing GFP, and lentivirus coding for Sema4D shRNA. The results for MDA-MB-468 (**A**) and MDA-MB-231 (**B**) are shown (×40). Bar graphs show the healing distances, as analyzed using NIH Image software. Error bars represent the standard deviation of the results for three wells (\**P*\<0.05, relative to both the uninfected and GFP groups).\
**Abbreviations:** Sema4D, semaphorin 4D; shRNA, short hairpin RNA.](ott-9-5737Fig2){#f2-ott-9-5737}

![In vitro migration assay of MDA-MB-231 and MDA-MB-468 cells.\
**Notes:** Breast cancer cells, uninfected or infected by the indicated lentivirus, were examined in a transwell plate. Two breast cancer cell lines were included: MDA-MB-231 and MDA-MB-468. Four groups of each cell line were tested, including cells that were uninfected or infected with the indicated lentivirus: a control lentivirus-expressing GFP, a Sema4D-coding lentivirus, or a lentivirus coding for Sema4D shRNA. MDA-MB-468 (**A**) and MDA-MB-231 (**B**) cells on the membranes were stained with crystal violet (×100). Bar graphs below the stained migration membranes show the results of the migration assay, as analyzed using NIH Image software and expressed as the pixel intensity of scanned stained migration membranes relative to negative controls. Error bars represent the standard deviation of the results obtained from six wells (\**P*\<0.05, relative to both the uninfected and GFP groups).\
**Abbreviations:** Sema4D, semaphorin 4D; shRNA, short hairpin RNA.](ott-9-5737Fig3){#f3-ott-9-5737}

![In vitro invasion assay of MDA-MB-231 and MDA-MB-468 cells.\
**Notes:** Breast cancer cells, uninfected or infected by the indicated lentivirus, were examined in a transwell plate assay. Two breast cancer cell lines were included: MDA-MB-231 and MDA-MB-468. Four groups of each cell line were tested, including cells that were uninfected or infected with the indicated lentivirus: control lentivirus-expressing GFP, a lentivirus coding for Sema4D, or a lentivirus coding for Sema4D shRNA. MDA-MB-468 (**A**) and MDA-MB-231 (**B**); cells on the membranes were stained with crystal violet (×100). Bar graphs below the stained membranes show the results of the invasion assay, as analyzed using NIH Image software and expressed as the pixel intensity of scanned stained membranes relative to negative controls. Error bars represent the standard deviation of the results obtained from six wells (\**P*\<0.05, relative to both the uninfected and GFP groups).\
**Abbreviations:** Sema4D, semaphorin 4D; shRNA, short hairpin RNA.](ott-9-5737Fig4){#f4-ott-9-5737}

![Effects of Sema4D interference on apoptosis and cell cycle progression in MDA-MB-231 and MDA-MB-468 cell lines.\
**Notes:** Cells were treated in four groups, uninfected or infected with the following indicated lentiviruses: a control lentivirus-expressing GFP, a Sema4D-coding lentivirus, or a lentivirus coding for Sema4D shRNA. Apoptosis and cell cycle stage were analyzed by flow cytometry in MDA-MB-468 (**A** and **C**) and MDA-MB-231 (**B** and **D**) breast cancer cells (\**P*\<0.05, relative to both the uninfected and GFP groups). The bar graph summarizes the data from results of Sema4D interference on apoptosis and cell cycle progression in MDA-MB-231 and MDA-MB-468 cell lines. Bars indicate mean of three individual experiments ± standard error.\
**Abbreviations:** Sema4D, semaphorin 4D; shRNA, short hairpin RNA.](ott-9-5737Fig5){#f5-ott-9-5737}

![RhoA and p-RhoA expression in MDA-MB-468 and MDA-MB-231 cell lines.\
**Notes:** Cells were treated in four different groups, uninfected or infected with the indicated lentivirus: a control lentivirus-expressing GFP, a Sema4D-coding lentivirus, or a lentivirus coding for Sema4D shRNA. Western blotting analysis for RhoA and p-RhoA in MDA-MB-468 (**A**) and MDA-MB-231 (**B**) breast cancer cell lines; β-actin was used as a loading control (lower panels). Protein levels are quantified below each blot as the fold increase relative to the loading controls (*P*\<0.05, relative to both the uninfected and GFP groups).\
**Abbreviations:** RhoA, Ras homolog A; p-RhoA, phosphorylated RhoA; Sema4D, semaphorin 4D; shRNA, short hairpin RNA.](ott-9-5737Fig6){#f6-ott-9-5737}

![Results of an in vivo tumorigenesis assay for MDA-MB-231 cells.\
**Notes:** Cells were treated in four different groups, uninfected or infected with the indicated lentivirus: a control lentivirus-expressing GFP, a Sema4D-coding lentivirus, or a lentivirus coding for Sema4D shRNA. Cells from the four groups were injected subcutaneously into nude mice along with basement membrane matrix. (**A**) MDA-MB-231 xenografts were infected by the indicated lentiviruses. (**B**) Tumor weights in the four groups of MDA-MB-231 cells are shown as a bar graph (n=5; \**P*\<0.05, relative to both the uninfected and GFP groups). Bars indicate the means of five tumor weights ± standard errors. (**C**) Tumor growth curve for the four groups of MDA-MB-231 cells and tumor volume measurements (mm^3^) are shown, (n=5; \**P*\<0.05, relative to both the uninfected and GFP groups). (**D**) Immunohistochemical measurements of Sema4D in tumor tissues harvested from the four indicated groups. Clear differences in Sema4D expression were found among the four indicated groups. (**E**) CD31 immunofluorescence staining for the evaluation of vascular density; CD31 immunofluorescence staining of frozen section of tumors derived from the four indicated groups is shown here. The bar graphs show the vascular contents of these tumors, which were determined based on the average vessel density in five CD31-stained sections from each group (n=5; \**P*\<0.05, relative to both the uninfected and GFP groups). Bars indicate means of vessel density in ten CD31-stained sections ± standard errors. Scale bars =100 μm.\
**Abbreviations:** Sema4D, semaphorin 4D; shRNA, short hairpin RNA.](ott-9-5737Fig7){#f7-ott-9-5737}
